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A B S T R A C T
Collagen IV is a major component of the basement membrane in epithelial tissues. The NC1 domains of collagen
IV protomers are covalently linked together through sulﬁlimine bonds, the formation of which is catalyzed by
peroxidasin. Although hydrogen peroxide is essential for this reaction, the exact source of the oxidant remains
elusive. Members of the NOX/DUOX NADPH oxidase family are speciﬁcally devoted to the production of su-
peroxide and hydrogen peroxide. Our aim in this study was to ﬁnd out if NADPH oxidases contribute in vivo to
the formation of collagen IV sulﬁlimine crosslinks. We used multiple genetically modiﬁed in vivo model systems
to provide a detailed assessment of this question. Our data indicate that in various peroxidasin-expressing tissues
sulﬁlimine crosslinks between the NC1 domains of collagen IV can be readily detected in the absence of func-
tioning NADPH oxidases. We also analyzed how subatmospheric oxygen levels inﬂuence the collagen IV network
in collagen-producing cultured cells with rapid matrix turnover. We showed that collagen IV crosslinks remain
intact even under strongly hypoxic conditions. Our hypothesis is that during collagen IV network formation
PXDN cooperates with a NOX/DUOX-independent H2O2 source that is functional also at very low ambient
oxygen levels.
1. Introduction
Basement membranes are extracellular structures that are essential
in organizing individual cells into tissues and organs [39]. Besides
providing mechanical support for diﬀerent cell types, including epi-
thelial and endothelial cells, basement membranes are also important in
cellular signaling. An essential core component of basement membranes
is collagen IV, which is organized into a sheet-like network through
covalent binding between individual collagen IV triplexes [14]. Sulﬁ-
limine bond is a unique type of chemical link which is so far only found
in collagen IV molecules in living organisms [34]. The formation of this
recently identiﬁed chemical bond is catalyzed by peroxidasin (PXDN), a
member of the animal heme peroxidase family [4,26].
First, in the presence of hydrogen peroxide (H2O2), PXDN turns
bromide into hypobromous acid (HOBr), which then reacts with a
methionine in the NC1 domain of collagen IV forming a methionine
halosulfonium intermediate [4,22,28]. Finally, this intermediate reacts
with a hydroxylysine on the opposing protomers’ NC1 domain to create
the sulﬁlimine crosslink between neighboring protomers.
While bromine is a ubiquitously accessible trace element in animal
tissues, the exact source of H2O2 has not been identiﬁed yet. There are
numerous metabolic and signaling pathways the activity of which are
accompanied by the generation of reactive oxygen species (ROS)
[35,37]. There are also some extracellular enzymes which are also
known to produce H2O2 while accomplishing their catalytic functions
(e.g. lysyl oxidases and their homologs). The family of NADPH oxidases
comprises enzymes that are speciﬁcally devoted to the generation of
superoxide anion and H2O2 [2,31]. There are seven members of the
NOX/DUOX family of NADPH oxidases, including NOX1–5, DUOX1,
and DUOX2. NOX/DUOX enzymes show unique expression pattern and
biochemical regulation [2,6]. When exerting its pleiotropic eﬀects H2O2
can directly react with and modify target molecules. Some actions of
H2O2, however, are mediated through animal heme peroxidases, which
use H2O2 to oxidize substrates in a diverse array of reactions [9]. The
group of mammalian heme peroxidases includes myeloperoxidase
(MPO), eosinophil peroxidase (EPX), lactoperoxidase (LPO),
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thyroperoxidase (TPO) and peroxidasin (PXDN) [9,32]. Peroxidases are
often expressed in cells and tissues, where NOX/DUOX NADPH oxidases
can also be found and there are a number of examples for the co-
operation between NADPH oxidases and heme peroxidases. For ex-
ample, in neutrophil granulocytes, MPO uses H2O2 produced by the
NOX2 complex to oxidize chloride into hypochlorous acid, which is a
potent antimicrobial compound [15]. NOX2 is also highly expressed in
eosinophils, where EPX utilizes its product for the oxidation of bromide
and thiocyanate [36]. The oxidation of iodide in the thyroid is also
dependent on the cooperation between a peroxidase and an NADPH
oxidase, namely TPO and DUOX2. While DUOXes were originally
considered to be speciﬁc for the thyroid, subsequent research has un-
covered they role in antimicrobial host defense where they supply H2O2
for lactoperoxidase, an enzyme expressed in diﬀerent exocrine glands,
including the salivary gland and submucosal glands of large airways
[12].
For a complete understanding of collagen IV role in basement
membrane biosynthesis, it would be crucial to determine the bio-
chemical and mechanical importance of sulﬁlimine crosslinks. An early
step towards this goal could be the characterization of the H2O2 source
for PXDN-mediated crosslinks. Our primary goal in this study was to
ﬁnd out if members of the NOX/DUOX family participate in the for-
mation of collagen IV sulﬁlimine crosslinks in mammalian tissues. Our
results suggest that NADPH oxidases do not support collagen IV cross-
linking and the molecular identity of the H2O2 source in collagen IV
synthesis remains to be identiﬁed.
2. Materials and methods
2.1. Reagents
Collagenase type I was ordered from Worthington Biochemical
Corporation. Isoform-speciﬁc rat monoclonal col4a1, col4a5 NC1 anti-
bodies were purchased from Chondrex Inc. We used rabbit HIF1alpha
antibody from Abcam (ab179483). The anti-actin antibody, phlor-
oglucinol, diphenyliodonium were all purchased from Sigma. PFHR-9, a
mouse embryonic carcinoma cell line was obtained from ATCC. For
transfecting PFHR-9 cells, we used TurboFect from Thermo Scientiﬁc.
AlamarBlue and calcein-AM were ordered from ThermoFisher
Scientiﬁc.
Rabbit polyclonal anti-Nox4 antibody was a generous gift from
Professor Ajay Shah (King's College, London) and polyclonal anti-Duox1
antibody was a kind gift from Dr. Xavier De Deken (Université Libre de
Bruxelles).
2.2. Cell culture
PFHR-9 cells (obtained from ATCC) were grown in Dulbecco's
Modiﬁed Eagles Medium with glutamine and 4,5 g/L glucose, supple-
mented with 50 U/ml penicillin and 50 µg/ml streptomycin (Lonza
Group Ltd., Basel, Switzerland) and 10% fetal calf serum (Biowest SAS,
France, S182P-500, French origin). Cells were grown in a humidiﬁed
incubator with 5% CO2 in the air, at 37 °C.
2.3. PFHR-9 peroxidasin CRISPR
PFHR-9 cells were genetically mutated for peroxidasin, using a
pSpCas9(BB)−2A-GFP (PX458) vector. The vector contained the 5′-
caggcccgcttctctga-3′ guide sequence which is identical to the 408–424
bases of the 17th exon of the mouse Pxdn gene. The cells were trans-
fected with Turbofect and GFP positive cells were sorted onto 96 well
plates. Cell clones were screened by PCR of genomic DNA using 5′-
acaactgctcagacatgtgc-3′ sense and 5′-acacattggaggcatcgatg-3′ antisense
oligos. PCR products were analyzed by Surveyor mismatch analysis,
then subcloned into a pcDNA cloning vector and sent for sequencing.
One cell line was selected which contained frameshift mutations on
both alleles. We conﬁrmed by Western blot analysis that the selected
cell line does not express PXDN and is not able to crosslink collagen IV
NC1 domains.
2.4. Mouse strains used in the study
PXDN-deﬁcient mice were generated by SAGE Laboratories using
Compo Zr zinc ﬁnger endonuclease technology [18]. Detailed char-
acterization of PXDN-deﬁcient animals is subject to a diﬀerent paper.
The knockout line contains a 2 bp deletion at the beginning of the
peroxidase domain coding region.
Duox1 knockout mice were purchased from Lexicon
Pharmaceuticals, Inc. (TheWoodlands, TX, USA) and described earlier
by Donkó et al. [11].
The p22phox mutant nmf333 mouse strain [23] was obtained from
The Jackson Laboratory.
The Duoxa knockout mice were developed by Grasberger et al. [13].
The Nox4 knock-out animals were generated by the Transcription
Activator-Like Eﬀector Nuclease (TALEN) technique using plasmids
ordered from Addgene (TALE Toolbox Kit # 1000000019 deposited by
Feng Zhang). Mouse Nox4 speciﬁc TALEN recognition sites were de-
signed for the genomic sequence prior to and to the ﬁrst exon using the
5`-TN19 N14–20 N19A-3` formula, with the following sequences: left
TALEN recognition site: 5′TCCCCGCGCCGGCGGCATGG3′, right TALEN
recognition site: 5′GCTGGCCAACGAAGGGGTTA3′, and a 19 bp (5′
CGGTGTCCTGGAGGAGCTG3′) FokI nuclease dimerization and cutting
sequence in between. Mouse Nox4 recognizing TALEN plasmids were
assembled according to the protocol of Sanjana et al. [29] TALEN
mRNA was injected into the pronuclei of one-cell embryos of FVB/NJ
mice. Pups were analyzed with Surveyor assay plus sequencing and a
founder bearing a 518 bp deletion including the START and 18 bp ad-
ditional nucleotide was chosen to establish colony.
Nox4 and Duox1 speciﬁc Western blot data of knockout animals are
shown in Supplementary Fig. 2. Western blots for p22phox and Duox1
were already shown in [16] and (11) respectively.
All animal experiments were approved by the Animal
Experimentation Review Board of the Semmelweis University.
2.5. Western blots
Laemmli sample buﬀer was added to the cell lysate samples and
these were run on 8–10% SDS polyacrylamide gels and blotted onto
nitrocellulose membranes. Membranes were blocked in phosphate
buﬀered saline containing 0,1% Tween- 20% and 5% dry milk. The ﬁrst
antibodies were diluted in phosphate buﬀered saline containing 0,1%
Tween- 20% and 5% bovine serum albumin and used either for 2 h at
room temperature or overnight at 4 °C. After several washing steps in
PBS-Tween-20, membranes were incubated with HRP-linked secondary
antibodies (Santa Cruz Biotechnology, Inc., USA) diluted in blocking
buﬀer. Antibody binding was detected using enhanced chemilumines-
cence and Fuji Super RX medical X-ray ﬁlms.
For the detection of collagen IV NC1 monomers and dimers, cells or
small tissue pieces were harvested in hypotonic lysis buﬀer (10mM
CaCl2, 50mM Hepes, pH 7.4) completed with 0.1 mM benzamidine
hydrochloride, 25mM 6-aminocaproic acid, 1 mM
Phenylmethylsulfonyl ﬂuoride and 0.5mg/ml type I collagenase at
37 °C for 12–18 h. For the lysis of hypoxia/anoxia treated and control
cells, the lysis buﬀer was supplemented also with 150 µM phlor-
oglucinol to inhibit PXDN activity during the lysis process.
2.6. PXDN antibody
Polyclonal mouse anti-PXDN antibody was raised against the full-
length mouse PXDN in Pxdn knockout mice. The recombinant mouse
PXDN-V5 antigen was produced in HEK293-FS cells and puriﬁed using
monoclonal anti-V5 (Clone V5–10) antibody coupled to agarose beads
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(Sigma). Pxdn knockout animals (see above) were injected with Freund
adjuvant containing the puriﬁed PXDN-V5 antigen.
2.7. Hypoxic treatments
Cells grown on 6-well plates were kept at 37 °C in a Billups-
Rothenberg modular hypoxia chamber (Billups-Rothenberg, Inc., Del
Mar CA, USA) which was previously ventilated with the appropriate gas
mixture (anoxic mixture: 95% N2, 5% CO2; 1% O2 mixture: 1% O2, 5%
CO2, 94% N2; 5% O2 mixture: 5% O2, 5% CO2, 90% N2). After 24 h cells
from 1 well were lysed in ice-cold RIPA lysis buﬀer in the presence of
protease inhibitors (for HIF1alpha detection) and content of another
well was lysed in hypotonic lysis buﬀer containing collagenase I (see
above) for collagen IV NC1 crosslink analysis.
2.8. Cell viability assays
A two-fold serial dilution of PFHR9 cells was plated on black 96-
well plates and grown at normoxic or anoxic conditions. After 24 h cell
culture medium was replaced with extracellular “H-medium” (con-
taining 145mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 0.8 mmol/L
CaCl2, 5 mmol/L glucose, and 10mmol/L HEPES). Alamar Blue (1:10 of
stock solution) and calcein-AM (2 μM) was added to the cells and
ﬂuorescent intensities were measured every third minute for 15min in
a POLARstar OPTIMA ﬂuorometer (BMG Labtech) at 37 °C. Excitation/
Emission ﬁlters were 500/530 and 580/610 for calcein and alamarBlue
respectively. The slope of ﬂuorescence increase over time was de-
termined for each cell dilution and displayed as the function of relative
cell number.
2.9. Catalase constructs
Catalase sequence was cloned into the pmRFP-N1 vector to express
RFP-catalase fusion protein in a cytosolic localization. As control, the
F153V mutation was introduced to destroy catalase activity of the
protein. For targeting catalase to the mitochondrial matrix, we used
duplicate of the N-terminal localization signal of human COX8a [27].
3. Results
3.1. Disruption of the Pxdn gene inhibits collagen IV crosslinking in mice
To investigate the enzymes which participate in collagen IV cross-
linking in vivo, we ﬁrst analyzed mice where the Pxdn gene was mutated
by zinc ﬁnger endonucleases (ZFN) [18]. Pxdn knockout animals
showed the ocular developmental defect and white belly spot, which
were earlier described by Yan X. et al. in a diﬀerent PXDN mutant strain
[38]. The detailed characterization of the PXDN-deﬁcient animals is
subject of a separate study. Previously, we reported deﬁcient collagen
crosslinks in cultured embryonic ﬁbroblasts of these ZFN-modiﬁed mice
[18]. To analyze the eﬀect of PXDN deﬁciency on in vivo collagen IV
coupling, we prepared collagenase digests from diﬀerent organs, in-
cluding the kidneys and the lungs. There are six diﬀerent collagen IV
isoforms, designated as alpha1 to alpha6 [14]. In our experiments, we
analyzed the crosslink formation between the col4a1 and col4a5 NC1
domains. The isoform-speciﬁc monoclonal antibodies consequently
detected the ̴ 54 kD dimeric and ̴ ̴28 kD monomeric form of NC1 do-
mains in the collagenase-digested tissue lysates (Fig. 1). Importantly, a
dramatic diﬀerence was observed between the tissue lysates of wild-
type and Pxdn knockout mice. In the PXDN-deﬁcient samples the ratio
of NC1 dimers and monomers was substantially reduced (Fig. 1,
Supplementary Fig. 2A). These observations suggested that mammalian
PXDN has an indispensable, in vivo role in the generation of collagen IV
crosslinks.
3.2. Assessment of the role of NADPH oxidases in collagen IV crosslinking
Animal heme peroxidases and members of the NOX/DUOX family of
NADPH oxidases often cooperate in reactions where peroxidases use
NOX-derived H2O2 to oxidize diﬀerent substances. Halides and pseu-
dohalides are well-recognized substrates of peroxidases [9], thus we
wanted to know whether NOX/DUOX enzymes provide H2O2 for the
reaction where bromide is oxidized into hypobromite by PXDN.
Knockout models are now available for almost all NOX/DUOX isoforms
(except NOX5, which is not present in mice) [31], therefore we decided
to analyze the collagen IV crosslinking reaction in diﬀerent NOX/DUOX
knockout models. First, we tested whether NOX4 is involved in collagen
IV crosslinking. This particular NOX isoform was especially interesting
for us because NOX4 is expressed in cell types (including endothelial,
epithelial cells and cardiomyocytes) which are in close contact with
underlying or surrounding basement membranes [2,5]. To investigate
the role of NOX4, we created Nox4 knockout animals using TALEN-
mediated gene modiﬁcation. A detailed description of the knockout
strategy is described in Materials & Methods. Fig. 2 (A-C, second lanes)
show that the western blot picture of Nox4-deﬁcient aorta and kidney
samples is indistinguishable from that of wild-type collagenase digests
(Fig. 2, Supplementary Fig. 2B). In these and subsequent Western blot
experiments, we always included PXDN-deﬁcient samples, where di-
minished collagen IV crosslinking was detected (Fig. 2A-C, fourth
lanes). An important shared feature of NOX1, NOX2, NOX3, and NOX4
is that their activity is dependent on the co-expression of the p22phox
protein [1,21]. The nmf333 mouse strain carries a mutation in the
p22phox gene, which leads to the destabilization of the protein with a
consequent loss of Nox2 and Nox4 activity [23,40]. Testing collagen IV
crosslinking in this strain oﬀered us the possibility to study the possible
involvement of four diﬀerent NOX isoforms simultaneously, although
the uniquely limited expression pattern of NOX3 made unlikely that
this particular isoform contributes to the formation of sulﬁlimine lin-
kages. As shown in Fig. 2 (A-C, third lanes) the crosslinking of collagen
IV was perfectly normal when tested in diﬀerent organs of nmf333
animals. These experiments suggested that a p22phox-dependent NOX
isoform is unlikely to provide H2O2 for the PXDN-catalyzed reaction.
Dual oxidases, DUOX1 and DUOX2 are NADPH oxidase isoforms
which operate independently of p22phox and show prominent expres-
sion in epithelial cells [10,20]. We aimed to examine the possible
contribution of DUOXes in collagen IV crosslinking. To this end, we
analyzed thyroid tissue isolated from mice which are deﬁcient for dual
oxidase maturation factor 1 and dual oxidase maturation factor 2
(DUOXA1 and DUOXA2 respectively) [13]. In the absence of DUOX
activators, DUOX1 and DUOX2 are not functional and mice without
DUOXA proteins show the symptoms of severe hypothyroidism [13].
Collagen IV crosslinking, however, was undisturbed in Duoxa knockouts
(Fig. 3A, Supplementary Fig. 2C) suggesting that Duox enzymes do not
serve as an H2O2 source in the crosslinking reaction. Interestingly, the
amount of NC1 monomers and dimers were consequently higher in the
double-knockout thyroid samples, possibly explained by a more active
basement membrane formation in the TSH-stimulated thyroid glands of
knockout animals (Fig. 3A). Corroborating these results, we found that
Duox1 knockout animals [11] also showed normal collagen IV NC1
crosslinks in the skin and urinary bladder samples where DUOX1 shows
high expression levels in wild-type animals (Fig. 3 A, B).
3.3. Determination of the oxygen-dependence of collagen IV crosslinking
Animal heme peroxidases use H2O2 to oxidize a variety of sub-
strates, which in the case of PXDN appears to be bromide. Although
H2O2 can be produced through divergent biochemical pathways,
oxygen is required for all of these biosynthetic mechanisms. We,
therefore, wanted to determine the dependency of collagen IV cross-
linking on oxygen concentration. We chose an embryonic cancer cell
line, PFHR-9 cells as a model system in these experiments. Using this
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particular cell line was justiﬁed by previous ﬁndings describing intense
collagen IV production and crosslinking in PFHR-9 cells [4]. We also
established PXDN-deﬁcient PFHR-9 cells making use of the CRISPR
gene editing technique. To determine the crosslinking of collagen IV in
wild-type and PXDN-deﬁcient PFHR-9 cells we digested the cells with
collagenase I and the amount of NC1 dimers and monomers were
analyzed by western blot using isoform-speciﬁc anti-collagen IV anti-
bodies (Fig. 4). Next, we measured the formation of NC1 dimers at four
diﬀerent oxygen concentrations, anoxia (0%), 1%, 5% and 21%, re-
spectively.
We wanted to reduce the potential toxicity of anoxia, therefore we
determined the minimal time which was required to detect the eﬀect of
A B
IB: COL4A1
55 kDa
25 kDa
NC1 dimer
NC1 monomer
kidney lung
55 kDa
25 kDa
kidney lung
IB: COL4A5
Fig. 1. Collagen IV crosslinking in wild type and Pxdn knockout
mouse kidney and lung tissues. Small tissue pieces of wild type
(WT) and Pxdn knockout (PXDN KO) adult littermate animals
were lysed in collagenase I containing hypotonic lysis buﬀer and
digested O/N at 37 °C before processing for collagen IV NC1
western blot. Isoform speciﬁc monoclonal col4a1 (A) and col4a5
(B) antibodies were used to detect the crosslinked NC1 domain
dimers and non-crosslinked NC1 monomers.
Aorta
IB: COL4A1 IB: COL4A1
Kidney
IB: COL4A5
Kidney
55 kDa
25 kDa
55 kDa
25 kDa
55 kDa
25 kDa
A B C
Fig. 2. Collagen IV crosslinking is not altered in vivo in the lack of functional NOX1, NOX2 or NOX4 NADPH oxidase complexes. Small pieces of the thoracic aorta (A) and of the kidney
(B,C) from wild type (WT), NOX4-deﬁcient (Nox4 KO), p22phox mutant (P22 KO) and Pxdn knock-out (Pxdn KO) adult animals were lysed in collagenase I containing hypotonic lysis
buﬀer and digested O/N at 37 °C before processing for collagen IV NC1 western blot. Isoform speciﬁc monoclonal col4a1 (in A and B) and col4a5 (in C) antibodies were used to detect the
crosslinked NC1 domain dimers and non-crosslinked NC1 monomers. For each genotype the tissues of two animals were analyzed with similar results.
C
IB: COL4A1
55 kDa
25 kDa
Thyroid gland
IB: COL4A1
Urinary bladderB
IB: COL4A1
Paw skinA
55 kDa
25 kDa
55 kDa
25 kDa
Fig. 3. In the absence of DUOX1 and DUOX2 activity collagen IV crosslinking is not inhibited in vivo. Thyroid gland (A) from Duoxa knockout (Duoxa KO), wild type (WT) and Pxdn
knockout (Pxdn KO) mice, paw skin (B), urinary bladder (C) from Duox1 knockout (Duox1 KO), wild type (WT) and Pxdn knockout (Pxdn KO) animals were lysed in collagenase I
containing hypotonic lysis buﬀer and digested O/N at 37 °C. Isoform speciﬁc monoclonal col4a1 antibody was used to detect the crosslinked NC1 domain dimers and non-crosslinked NC1
monomers. The thyroid gland of Duoxa knockout animals were signiﬁcantly enlarged in accordance with the chronic TSH stimulus of the hypothyroid tissue. Note that the proliferative
eﬀect of TSH might explain the diﬀerent Col4a1 picture compared to WT animals. For each genotype the tissues of two animals were analyzed with similar results.
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inhibiting the PXDN-catalyzed crosslinking pathway in PFHR-9 cells. To
achieve this, we treated the cells with the drug phloroglucinol (PHG)
for diﬀerent times. Phloroglucinol was previously shown to eﬀectively
inhibit PXDN activity in PFHR-9 cells [4]. Interestingly, PHG treatment
for as little as 6 h was enough to reduce the amount of NC1 dimers and
parallelly increase the amount of NC1 monomers, indicating the rapid
turnover of collagen IV matrix (Fig. 5). After 24 h of PHG treatment, we
observed marked changes in the NC1 dimer/monomer ratio, therefore,
we chose 24 h incubation times for the hypoxic treatments. The sub-
atmospheric oxygen levels were applied in a sealed Billups-Rothenberg
chamber. As displayed in Fig. 6 at diﬀerent levels of hypoxia collagen
IV crosslinking was essentially undisturbed. To test that oxygen levels
were indeed reduced within the cells, we detected the accumulation of
HIF-1alpha by western blot (Fig. 6).
To assess the viability of cells after 24 h long anoxic conditions, we
applied a ﬂuorescent cell viability assay based on the parallel mea-
surement of calcein-AM cleavage and AlamarBlue reduction. Although
we observed reduced viability values with AlamarBlue under anoxic
conditions, the result of the calcein-AM assay did not suggest signiﬁcant
toxicity. This indicates that the cells were still biochemically active and
survived the 24 h long anoxic treatment (Supplementary Fig. 2).
3.4. Exploring the potential role of mitochondria-derived ROS in collagen IV
crosslinking
The previous experiments have essentially excluded NOX/DUOX
NADPH oxidases as possible sources of H2O2 in collagen IV synthesis. In
the following experiments, we tested the potential contribution of other
H2O2 sources to NC1 crosslinking. During mitochondrial respiration,
ROS are produced as byproducts by complexes I. and III. [17]. Diphe-
nyliodonium (DPI), a potent inhibitor of numerous ﬂavoproteins in-
hibits the mitochondrial respiratory chain [19]. However, DPI was
unable to inhibit the collagen IV crosslinking activity of PXDN (Fig. 7,
IB: ACTIN
40 kDa
IB: COL4A1
NC1 dimer
NC1 monomer
55 kDa
25 kDa
IB: PXDN
PXDN
300 kDa
140 kDa
100 kDa
PFHR9
WT        KO
170 kDa
250 kDa
Fig. 4. Characterization of CRISPR modiﬁed PFHR-9 cells. Wild type (WT) or CRISPR
modiﬁed PXDN knockout (KO) PFHR9 cells were grown on 6-well plates and conﬂuent
cultures were harvested in either a RIPA lysis buﬀer (for PXDN and actin western blots) or
in a collagenase I containing hypotonic lysis buﬀer (for col4a1 NC1 western blot). The
two bands around 170 kDa most probably represent the full length and the proprotein
convertase- (e.g., furin) cleaved form of PXDN both recognized by our polyclonal anti-
PXDN serum.
6 hrs 8 hrs 24 hrs 48 hrs
IB: COL4A1
55 kDa
25 kDa
PHG:    - +          - +          - +         - +
Pxdn 
KO
IB: acn
40 kDa
Fig. 5. Analysis of the turnover rate of crosslinked collagen IV in the extracellular matrix
of PFHR-9 cells. One day after seeding the cells on culture plates 50 µM phloroglucinol
(PHG) was added to the cells for the indicated times. Parallel to each PHG-treated well
there was one non-treated control well (indicated by “-”). Cells were lysed in collagenase I
containing hypotonic lysis buﬀer and digested O/N at 37 °C before processing for collagen
IV NC1 western blot. This western blot is representative of three experiments with similar
results.
55 kDa
25 kDa
140 kDa
100 kDa
40 kDa
IB: COL4A1
IB: HIF1α
IB: ACTIN
WT     WT    KO WT     WT    KO WT     WT    KO
% O2: 0 21    21      1 21    21       5 21    21
PFHR-9:
Fig. 6. Various levels of hypoxia do not disturb the collagen IV NC1 crosslinking in
cultured PFHR-9 cells. Cells were plated on 6-well culture plates and one day later, nearly
conﬂuent cells were placed in a Billups-Rothenberg hypoxia chamber which was venti-
lated with a gas mixture containing the indicated oxygen levels for 40min before closing
the chamber. A control plate was incubated in a standard cell culture incubator at at-
mospheric oxygen concentrations. 24 h later cells were lysed either in RIPA buﬀer (for
HIF1-alpha and actin western blot) or lysed in collagenase I containing hypotonic lysis
buﬀer and digested O/N at 37 °C before processing for collagen IV NC1 western blot. The
hypotonic lysis buﬀer was supplemented also with 150 µM phloroglucinol to inhibit
PXDN activity during the lysis process. The anoxic treatment (0% O2) was repeated in 4,
the 5% and 1% hypoxia in 3 separate experiments with similar results.
IB: COL4A1
55 kDa
25 kDa
Fig. 7. Analysis of the role of mitochondria as potential ROS sources for PXDN-mediated
collagen IV crosslinking. PFHR-9 cells were plated on 6-well plates and one day later
50 µM phloroglucinol (phg) or 10 µM DPI was added to the cells for 24 h. Cells were lysed
in collagenase I containing hypotonic lysis buﬀer and digested O/N at 37 °C before pro-
cessing for collagen IV NC1 western blot. This western blot is representative of 5 similar
experiments.
G. Sirokmány et al. Redox Biology 16 (2018) 314–321
318
third lane). Next, we tried an approach where we targeted hetero-
logously expressed catalase to diﬀerent subcellular locations in PFHR-9
cells (cytosol, and mitochondrial matrix) and checked if this causes any
changes in NC1 crosslinking. Fig. 8A shows the intracellular localiza-
tion of the diﬀerent catalase constructs. Catalase conjugated to RFP was
evenly distributed in the cytosol (upper panel) and RFP-catalase fusion
proteins targeted to the mitochondrial matrix (middle panel) showed
characteristic mitochondrial localization. In previous experiments, we
conﬁrmed that fusing catalase to ﬂuorescent proteins and diﬀerent
targeting sequences did not aﬀect the catalytic activity of the enzyme
(data not shown). When we analyzed collagen IV crosslinking in G418
selected, stably transfected cells we also included controls, where cat-
alytically-inactive catalase proteins were introduced into the cells. As
shown in Fig. 8B, the tested catalase constructs did not aﬀect the
amount of NC1 dimers synthesized by PFHR-9 cells.
4. Discussion
A common feature of reactions catalyzed by animal heme perox-
idases is that halides or pseudohalides are oxidized by the enzymes. A
recent addition to this list is the reaction catalyzed by PXDN, which
involves the oxidation of bromide and the subsequent hypobromite-
mediated crosslinking of collagen IV NC1 domains via methionine and
hydroxylysine residues [4,22,28]. The presence of bromide and per-
oxidasin is indispensable for the collagen IV NC1 crosslink formation
[4,22], however, the source of H2O2 in the PXDN-catalyzed reaction has
not yet been identiﬁed. It is also an important question and subject of
current research whether HOBr attacks other matrix components as
well or it creates only the speciﬁc halosulfonium intermediate on Met93
of collagen IV NC1.
PXDN is a highly conserved protein that appears early in evolution
and it can be found across the animal kingdom [32]. Based on the ex-
amples where NOX/DUOX enzymes act as a source of H2O2 in the
peroxidase-catalyzed reactions we hypothesized that the activity of
PXDN might be also dependent on NOX/DUOX isoforms. We tested this
idea by assessing collagen IV crosslinking in mice which are deﬁcient
for either p22phox or for certain NOX/DUOX isoforms. We found col-
lagen IV crosslinking to be normal in all tested Nox/Duox knockout
models, indicating that PXDN uses H2O2 produced in a NOX-in-
dependent manner. By measuring collagen IV crosslinking in multiple
organs of PXDN-deﬁcient animals we demonstrated the essential role of
PXDN in this biochemical pathway. These results extend earlier ob-
servations, where deﬁcient collagen IV crosslinking was described in
PXDN knockout embryonic ﬁbroblasts and kidney [3,18]. Although
PXDN belongs to the family of heme peroxidases, several features make
this protein unique. Most importantly, besides its peroxidase part,
PXDN also contains domains, which are characteristic of protein com-
ponents of the extracellular matrix [24]. This raises the possibility that
extracellular enzymes might act as an H2O2 source for PXDN. However,
in previous studies, lysyl oxidases, which are ROS-producing and ex-
tracellular collagen- modifying enzymes, were also excluded as a po-
tential H2O2 source for NC1 crosslinking [4].
Another distinct feature of PXDN is that its expression is more
widespread than that of other members of the animal heme peroxidase
family since PXDN is expressed in virtually all tissues, where basement
membranes are formed [7,25]. The expression pattern of PXDN is ac-
tually consistent with the idea that H2O2 is supplied for the enzyme in a
NOX/DUOX independent manner because no single NOX/DUOX en-
zyme shows similarly widespread expression. It is also important to
note that currently no data obtained from in vivo experiments prove the
essential role of H2O2 in the crosslinking reaction, thus the contribution
of alternative oxidants cannot be excluded. For example, protein
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Fig. 8. Analysis of the eﬀect of recombinant catalase-mediated decomposition of intracellular hydrogen peroxide on collagen IV crosslinking. Catalase-RFP fusion proteins were targeted
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blot.
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peroxides, which are formed in a wide variety of reactions between
proteins and free radicals, may act as oxidants during extracellular
matrix formation [8].
Since we know so little about the source of ROS in collagen IV
crosslinking, we were interested in characterizing the oxygen depen-
dence of the process. Interestingly, we found that the coupling of col-
lagen IV is undisturbed even at very low oxygen levels, indicating that a
ROS-producing pathway with low Kd for oxygen participates in the
process. Another intriguing implication of the above observations might
be that even relatively long hypoxia, per se, will not disturb the integrity
of collagen IV crosslinks in the basal membrane of vessel walls in hy-
poxic tissues.
In polarized epithelial cells, mitochondria are often located and
enriched at the basolateral side of the cells, in relative proximity to the
underlying basement membrane. Moreover, the mitochondrial re-
spiratory chain has a very high aﬃnity for oxygen. It is not easy to
assess the possible role of mitochondrial ROS in the crosslinking reac-
tion. The ﬂavoprotein inhibitor, DPI, a non-speciﬁc inhibitor of mi-
tochondrial respiration and NADPH oxidases, did not aﬀect NC1 cou-
pling. However, it is possible, that inhibition of the respiratory chain by
DPI or other inhibitors may actually increase the production of super-
oxide by the organelles [33].
To explore the role of mitochondrial ROS in a more speciﬁc way, we
expressed catalase constructs in PFHR9 cells and checked NC1 dimer
formation. However, targeting catalase to the cytosol or to the mi-
tochondrial matrix did not cause any decrease in collagen IV cross-
linking. Schriner et al. created a transgenic mouse model which over-
expressed mitochondrially targeted catalase [30]. These mice showed
delayed aging, had a longer lifespan but did not display any gross de-
velopmental abnormalities. This is in contrast with the eye develop-
ment and skin pigmentation phenotype of peroxidasin mutant mice. As
the aﬃnity of catalase towards H2O2 can be signiﬁcantly lower than
that of animal heme peroxidases we have to admit that our approach to
testing the involvement of mitochondria can be considered only pre-
liminary and further experiments are needed to explore the potential
contribution of mitochondria-produced H2O2 to the process.
In summary, our observations suggest that in collagen IV synthesis
PXDN cooperates with a NOX/DUOX-independent H2O2 source that is
functional also at low oxygen levels.
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